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by the Naval Medical Research and Development Command contracting through the
Office of Naval Research. Within the Navy, the program is fdentified as
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serving as Program Monftor. Mr. Joseph Seals and Dr. Steven M. Sharpe of the
Biomedical Research Division are serving as Project Director and Assistant
Project Director, respectively. Staff members from the Biomedical Research
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preparing the figures in the report is gratefully acknowledged.

Respectfully submitted,

_foroph doaty

Joseph Seals,
Project Director
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SECTION I o
'. : INTRODUCTION Eg
Georgia Tech is currently conducting a successful program to develop an ;fj
electromagnetically-based lifeform detector capable of detecting vital signs- ﬁi
related information in battlefield casualties from extremely long ranges (10- i:
g! 100 meters). The original program goal was to develop a capability to detect ;g
) respiratory activity in battlefield casualties from ranges up to 30 meters. '§E
e However, because of the success of early program efforts, and the Navy's Qii
. wishes to also detect cardiac activity, the program scope was expanded to 5?
™ include detection of respiratory and cardiac activity and the desired F%
b detection range was extended to 100 meters. 5&;
e The 1ifeform detector (LFD) being developed on this program measures and ﬁ&
gi analyzes scattered electromagnetic fields to detect respiratory and cardiac ﬁi
. motions associated with the casualty being evaluated. Because antenna-based &?
™ techniques are being used to perform the required scattered-field ??}
measurements, true remote-sensing is achieved. That is, a casualty being ;g;
ii evaluated does not have to be wearing or carrying a biomedical transducer or Ei
other type of auxiilary device. This fact greatly enhances the attractiveness ;yk
B and potential usefulness of the LFD, T b
G A number of applications can be envisioned for a device which can ;;15’:}
functfon as an extremely sensitive, non-contact indicator of personnel- %ﬁ

!! related motion. The instrument being developed on this program is primarily -
intended tc be used for long-range detection of casualty status. However, it §‘~
:? 1s potentially useful for purposes such as intruder detection and location of X

hidden personnel, as well as a variety of triage and diagnostic applications
on the battlefield, as the following examples suggest.

¥

0 Rapid evaluation and Erioritizing of casualties when they are
dispersed over a broad battlefield area,

S Rl
e

1

) () Preliminary 1long-range evaluation of casualties i{solated by ﬁf

o distance, chemical agents, weapons fire, dangerous terrajn, mine Ry
o fields, or other threats, e
. ° Eveluation of casualties wearing protective clothing or equipment E;
L that interferes with the operation of conventional medical i 4
instrumentation (e.g., chemical warfare suits), and e

- X

-1-
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] Evaluation of casualties that have suffered burns or other trauma

requiring that patient contact or movement be minimized. ,.\
. Development of a LFD with the required range capability presents a significant N

challenge. The electromagnetfc fields scattered by a casualty's body are
extremely weak (especially when the casualty is lying on the ground) and
measurements can easfily be contaminated by the effects of numerous types of
noise. In addition, since it is anticipated the LFD will not be operated by

I 8 PR

highly-trained personnel, the Navy has asked that the LFD include signal
processing capabilities that will essentially make target detection an _,’

‘e automated process. To meet this challenge, an intensive effort has been made \
w by personnel at Georgia Tech to thoroughly analyze factors potentially -j
= capable of 1imiting the performance of the LFD, and to develop methods for b
effectively overcoming identified range-1imiting problems. i'_-::,".\'
, To meet the required performance goals, features planned for the LFD
* include: (1) the use of a millimeter-wave operating frequency (35 GHz) to --;
enhance motion sensitivity and to achieve high antenna directivity using ""
compactly-sized antennas, (2) a sophisticated frequency modulation scheme r

that permits implementation of quadrature detection channels and {improved ;',fi:j

i rejection of both external noise (through range-gating) and internal system i
noise (through frequency translation), (3) a homodyne demodulation scheme "'1

i that makes it possible to achieve excellent receiver performance using a
e compact system configuration, and (4) a microprocessor-based signal '“
processing system that employs a conveniently implemented FFT-processor. v-‘i

u Based on preliminary results, the combined performance improvements resulting :3-“‘
from use of these features will eventually make it possible to achieve the 3{-‘
Tong-range detection capabilities being sought on this research program.

The current version of the LFD {ncludes a 35-GHz operating frequency and o

= a sophisticated frequency modulation capability. The performance of this s
" prototype system has been tested under a number of conditions. Test results
have indicated that under 1ight to moderate clutter conditions, the LFD {s :1';';3

capable of detecting respiratory and cardiac activity from ranges up to 50 «»—i

meters. The test results have also made it possible to determine system f‘i
improvements needed to insure reliable detection performance and to extend :i'_I?

the detection range beyond current 1imits.

The main performance-1imiting problem with the current LFD has been S
. found to be external noise (usually referred to as clutter) due to reflection '!
3 X

-2-



from objects other than the target of interest. The key to achfeving greater
discrimination against clutter 1s development of a refined range-gating
capabi1ity that will enable narrower range-cell sizes to be achieved and wake
it possible to reduce the effects of range-sidefobes. An important step in
improving the current range-gating capability was the recent purchase of a new
35 GHz Gunn oscillator. The new oscillator has a significantly wider tuning
response than the Guan oscillator in the current system which will enable
narrower range-cell sizes. Analysis has also been performed to determine
techniques for reducing the effects of range-sidelobes. It has been found
that appropriately weighting the demodulated return signals from the LFD can
significantly reduce range-sidelobe levels. Plans for {implementing and
testing an improved range-gating system are now underway.

Related to these studies, investigations are planned of methods for
using narrow range cells without requiring precise range knowledge.
Possibilities include an auto-ranging approach (a system that would actualily
measure the target range once the LFD was afmed at the desired target), a
second approach that would search through adjacent range cells once the
approximate target range was specified, and a third approach in which all
range rells between specified minimum and maximum ranges are examined for the
presence of target information. Each of these approaches is intriguing, but
further feasibility studies are required.

Another key to improving the performance of the LFD {s the use of
improved signal prucessing techniques. At ranges less than 50 meters, it is
often possible to observe distinct respiratory and carciac waveforms in the
raw signals outputted by the LFD. However, at extended ranges where the
strength of target return signals will be reduced, and under high-clutter
conditions, it 15 likely the raw data from the LFD will have to be carefully
processed to extract useful casualty 1nfor{uat1 on.

Currently, spectral studies are being performed on samples of signals
and noise outputted by the LFD, as well as on simultaneously recorded EKG's,
to establish an inforwmatfon-base for designing a suitable signal processing
system. The results of these studies have made it possible to obtain useful
information about an important class of clutter and have pointed out the
{mportance of obtaining information on other types of clutter. In addition,
comparison of the spectra of subject returns and baseline returns (i.e.,
subject removed) have shown that perfodic components associated with
respiratory and cardiac motfon <can often be distinguished from the

.
.....




« g
E; approximately white, baseline spectrum. This suggests that the use of signal Eii
o processing techniques based on spectral analysis and this possibility is :é
‘ being investigated. _
- The spectral studies that have been performed on this program indicate 3;1
detection performance can be improved through signal processing. However, ij
significantly improving detection performance through signal processing E;Q'
usually requires the use of long observation times. Ideally, the level of =
!E required signal processing and the corresponding observation period could be SS(
‘ N adjusted based on the difficulty of the detection problem. Otherwise, there e
B g; may be times when excessive signal processing 1is used and times when '
" inadequate signal procesing is used. A possible approach for a signal -~
RE pracessing technique with this capability is a detector called the Sequential E;g
o Observer [1]1. This detector would be able to rapidly make a yes/no decision Eiﬁa
. on casualty status when conditions were favorable (e.g., signal 1s present and o
' ;; very strong; signal is not present and noise is very low). However, when ; .
N detection was difficult (e.g., the target information is weak or clutter is 3
?f high), this detector would indicate that a yes/no decision was not possible
' then switch itself to a optional detection mode in which a lTonger observation e
ii period and & higher level of signal processing would be used. This detector f%”
appears well-suited for the LFD and investigations are needed to determine if iE%;
] this approach can be {mplemented {in the microprocessor-based signal :;}j
ot processing system planned for the LFD. o
As indicated in the preceding description, efforts during the initial "F
: !! phases of this program have been ektrenely promising. However, it has also 3Q§
) been noted that a number of system refinements are still needed to achieve the 5Ei
éf program objective of being able to reliably detect respiratory and cardiac ;QE
activity from extremely long ranges. The next required step fs continuation *

of the current program efforts. Key points of future efforts shoeuld include
(1) improving the range-gating capability of the current LFD (narrower range
o cells, lower range sidelobes, and perhaps, some type of automatic ranging),
< (2) reducing system sfze, weight, and power drain to improve system

portabiiity, (2) additfonal spectral analysis of signals and noise to

establish a meaningful information base for designing a suftable signal
N processing system, (4) implementation of a microprocessor-based signal
ﬁ; processing system, and (5) extensive field testing. The basis for these
needed improvements as well as specific details on the status of current
program efforts, are presented 1n the technical report in the next section of
this report.
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REPORT OF TECHNICAL PROGRESS

A. _Summary .

The prototype lifeform detector (LFD) befng developed on this program
uses radiated electromagnetic fields to detect body motfons assocfated with
casualty respiratory and cardfac activity. Under the best conditfons,
development of such a system would be difficult because a major portion of the
reflected energy detected by the LFD would be due to objects such as the
ground, grass, bushes, and trees, and not to the target of interest. In many
instances, the effects of these extraneous reflections is to strongly mask the
desired casualty-related information. In additfon to having to deal with the
problem of detecting extremely weak signals in the presence of strong noise,
the LFD must satisfy several other requirements that complicate its
development.

One of these requirements is that the size, weight, and power consumption
of the LFD must permit the system to operate in a portable mode. This
requirement poses 1imitations on the type and amount of equipment that can be
tncorporated into the LFD, and in some cases, may make it necessary to use
less than optimum techniques. A second requirement {s that the LFD must
provide an output that can be easily interpreted by personnel with minimum
technical training. This increases the needed signal processing capabilities
and effectively results in the requirement that the LFD perform automatic
detection.

The effort to develop the LFD is being divided into two parts, (1)
development of a motion sensitive, RF system and (2) development of a
computer-based signal processing system. The general design being used for
the LFD 1s shown in Figure 1. The RF syste:n is comprised of an RF source, an
RF network, an antenna, and a receiver. The purpose of the RF system {s to
maximize the target-related information and minimize the noise in the signal
outputted to the signal processing system. The RF system performs this task
by simultaneously achieving high motion sensitivity and minimizing the
effects of various types of nofse and 1nterference.

The purpose of the sfgnal processing system is to optimize the ability to
detect the presence or absence of target-related information in the signal

-5-
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Figure 1. Conceptual block diagram of EM-based 1ifeform detector (LFD).
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recefved from the RF system. A detection technique based on power spectrum
analysis 1s currently being tested. When properly utilized, power spectrum
analysis appears capable of providing a high level of detection performance
(2-4]. This technique also has the added advantage that it can be implemented
with a relatively simple microprocessor system {nterfaced with a special
purpose FFT-processor.

Significant advances have been made in development of both the RF and
signal processing systems. Efforts involving the RF system have been more
concrete in that a prototype unit that includes a number of range-enhancement
features has been implemented and tested. The performance of the prototype
unit has been satisfactory for the ranges (50 meters or less) and condi tions
(Tow clutter) that have been tested. However, additional improvements wil) be
needed to fully meet program goals. Improvements planned for the RF system
include increasing the RF system's range-gating capabilities and reducing its
size and weight.

Efforts 1fnvolving the signal processing section have been more
investigative in nature but useful experimental resuits have been obtained
using in-house equipment. These results indicate the use of appropriate
signal processing can improve the abflity to observe target-related
information in the output of the LFD's RF section. However, long observation
periods are required if significant improvements in detection performance are
to be achieved. A portable version of the fn-house equipment being used to
perform the power spectrum analysis must now be developed.

Further details on development of the LFD's RF and signal processing
systems are provided in the remainder of this section. With the exception of
the discussion on range-gating, much of the {nformation pertaining to the RF
system {s summarized since 1t has been discussed in the previous two technica!
reports [5,61. The signal processing discqssion {s presented {n detail since
1t has received only cursory treatment 1in the previous reports. Both
background information and experimental results obtained in recent months are
presented in the signal processing discussion.

B. RF System Development

The initial step in implementing a suitable RF system was development of
a model that satisfactorially described the problem of using EM-based
techniques to detect cardfac and respfratory related events. This model was
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needed to identify mechanisms on which operation of the LFD could be based and
to identify factors capable of degrading performance of the LFD. The
resulting model showed the LFD should be optimized tc detect subtle body
motions assocfated with cardiac and respiratory activity. It was found that
the ability to detect these motions could be enhanced by using a high
operating frequency. The primary problems predicted by this model were (1)
the detrimental impact of reflections from objects other than the target of
interest (generally referred to as clutter) and (2) sinusoidal variations in

motion sensitivity that result in an effect being described as "range-
deadspots”.

1. Motion Detection

The phenomenon, as well as associated problems, of EM-based motion
detection can be understood by analyzing the case in which a simple continuous
wave (CW) system is used to detect a moving, reflective target where w
represents angular frequency. This situatfon is shown in Figure 2. The
transmitter produces a signal denoted x, of the form Acos(wt), which is
fnitially transmitted at the target. If noise free conditions are assumed, a
signal denoted y, of the form Bcos w(t-T) , is subsequently returned from the
target, and detected in the LFD. The amplitude parameter, B, includes the
effects of components in the LFD (e.g., couplers, antenna, circulator),
attenuatfon during propagation to and from the target, and reflections at the
target surface. The parameter T represents the time-delay due to propagation
to and from the target, which is at a range denoted as R.

Detection 1s achieved by multiplying the signals x and y together in a
nonlinear device such as a square-law detector or mixer. The exact output of
the nonlinear device will depend on the device's design. However, the output
will generally contain a cros.-product term denoted z, of the form, ABcos(wT).

The delay term T, is related to the target range and propagtion velocity v, as
follows:

R = vT/2 (1)

The factor of two in this equation s due to the round-trip propagation to and
from the target.

If the target is a casualty lying on the ground, body motions associated
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- with the respiratory and cardiac activity result {n minute range variations. ;C“
j The target range is therefore a time-varying quantity which can be expressed é
‘ as: N ?
R(E) = R+ r(t), (2) e
n &
where, R 1s now a constant representing the nominal distance to the target and ,
ﬁ r(t) represents small changes in range due to respiratory and cardiac related iy
o motion. If the results of equations 1 and 2 are substituted into the £
o expression for z, the demodulation product becomes, }
! {:"". he)
@ z= ABcos 4nr(t)/i+ 4nRA (3) l«
::'? ot
. If it {is assumed that the product AB remains relatively constant (a r\:
i reasonable assumptifon since the target's minute motfon should have 1ittle j
effect on its reflection cross section), several interesting conclusfons can
- be drawn from equation 3. One {important result is that the motion *{,
L information, r(t), 1s contained in the argument of z. Therefore, phase ‘.‘,.
B sensitive techniques are required to extract the information of interest. A [
' i second result 1s that the amount of phase change produced by the target motion g
" s 1{nversely proportional to the operating wavelength.  Thus, shorter 3-8
3;'.;; wavelengths (or equivalently, higher operating frequencies) result in greater ‘
motion sensitivity. i
g Equation 3 can be rewritten in the following more compact form, oy
. Bl
;‘ z = ABcos(p(t) + P). (4) gx.f_
- Wl
< The parameter p(t) represents the motion-related fnformatfon of {nterest and
g P 1is a phase offset term due to the nominal target range. Although phase
o detection fs required for true extraction of p(t), under appropriate '\"'
) conditions, p(t) can be approximated by simple amplitude detection of z. The L
required conditions are that the offset term, P, equal an odd multiple of 90 ‘r-t- :
\

P

degrees and that the excursions of p(t) be 1imited to less than + 60 degrees.
Under these conditions, z will be almost 1inearly proportional to p(t).

If the phase offset, P, is arbitrary (which would be the case for the LFD
since the target range cannot be controlled), simple detection of z will

.........................
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result in regions of poor sensitivity (or range-deadspots) at ranges where P
is a multiple of 180 degrees. Re-examination of equation 3 shows range-
deadspots will occur at range increments equal to one-fourth the operating
wavelength. This phenomenom is due to the simple fact that the signals x and
y are not truly coherent because of the phase offset, P. Although this effect
is easy to understand, 1ts significance should not be overlooked. In fact,
any attempt to implement a 1ifeform detector without taking this effect into
account should be viewed questionably.

The effects of range-deadspots was demonstrated by using an early
version of the LFD to detect the motfon of a metal-foil covered sphere that
was moving sinusoidally with respect to the LFD. The peak-to-peak distance of
the sphere's motion was set to produce a maximum phase change ({.e., p(t) in
equation 4) of approximately 30 degrees. That is, the amount of target motion
was smail enough to permit p(t) to be approximated from detection of z,
provided a suftable phase offset was attained.

The motfon-related output of the LFD was viewed on a dual-trace
oscilloscope along with the signal being used to control the sphere's motion.
Initially, the target range {approximately 3 meters) was carefully adjusted
so the phase offset, P, was an odd multiple of 90 degrees. Under this
condition, 1t was expected the detected motion displayed on the oscilloscope
would be similar in shape to the sinusoidal control voltage. Figure 3a shows
that the expected effect did occur and that simple detection of z permitted
extraction of the motion-related phase term, p(t).

The target range was then increased by one-eighth wavelength
(approximately 2 millimeters at the test frequency of 35 GHz). This should
have placed the sphere at one of the previously discussed range-deadspots and
the ability to observe p(t) through detection of z should have been greatly
diminished. The results obtained for thig second set of conditions 1s shown
in Figure 3b. As expected, the motifon of the sphere appears to be
substantially reduced even though the only difference in the two cases was a
two millimeter difference in range. This result clearly demcnstrates the
range-deadspot effect predicted by the earlier analysis. As a further check,
the target range was increased an additional one-eighth wavelength. This
should have placed the sphere back at a range where 1t should have again been
possible to observe the target's motion. As predicted, the motion of the
sphere was again observable as shown in Figure 3c.
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DETECTED MOTION
(50 wv / div)

CONTROL VOLTAGE
(1 v/ div)

a. Sphere with small motion positioned for maximum
. phase sensitivity.

'DETECTED MOTION
(50 uv/ div)

§ CONTROL VOLTAGE
(1 v/ div)

1 b. Sphere with small motion positioned for minimum
b - phase sensitivity (range-deadspot).

Figure 3ab. Detected motion of metal foil-covered sphere to demonstrate
- effects of range-deadspots: (a) sphere positioned for maximum
< phase sensitivity, (b) sphere positioned for minimum phase

' sensitivity (range-deadspot).
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Figure 3c,

DETECTED MOTION
(50 uv '/ div)

CONTROL VOLTAGE
(1v/ div)

c. Sphere with small motion re-positioned for
maximum phase sensitivity.

Detected motion of metal foil-covered sphere to demonstrate
effects of range-deadspots: (c) sphere repositicned for
maximum phase sensitivity. :
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As mentioned previously, the problem of range-deadspots is due to the ‘iq*

' phase offset between the signals x and y used in the discussion of simple CW "}
systems. A possible approach for dealing with this problem would be to —

slightly adjust the frequency of the transmitter to set the phase offset to a “‘

L. suftable value. This could be performed manually or through some type of w‘
R automated scheme. However, a better approach, referred to as synchronous or i

quadrature detectfon, fs being used in the LFD [7,8]. In this approach, the
return signal (i.e., y) is initially split in half. One of these halves {s
multiplied with the transmitter reference sfgnal, x. The remaining half is

jz multiplied with a version of x that has been delayed in phase by 90 degrees.
1 When this is done, the LFD will provide output signals of the form,
]

I = ABcos(p(t) + P). (5a) kﬂ;

: b
; Q = ABsin(p(t) + P). (5b) ‘
x The advantage of having quadrature channels {1s that {f the target range l-)‘_ i
' results 1n poor sensitivity in one channel, the sensitivity of the remaining ‘,ﬁ
) channel will remain high. Alternately, since the signals I and Q are in phase L
quadrature, they could be inputted tc a processor which could actually compute EY\‘.‘;:?.&-

the value of the motion-related quantity, p(t). }-}_

BN

2. Noise Problems
Various types of noise can cbmprom'lse the performance of an EM-based

motion detection system. Noise sources that affect the performance of the LFD r\k
) can be divided into two categorfes, internal system noise and external noise J'-‘ !
) (or clutter). Internal system noise {is generated by active and passive A' s
- components within the LFD while external nofse results from return signais R
detected from objects other than the target of interest. Noise, regardless of Oy X
1ts source, 1s capable of masking casualty-related information contained in :;'.‘ 3
s the detected return signal. This masking effect degrades system sensitivity Pa!
and produces a higher minimum detectable signal. As shown by the following =
X expression for the radar-range equation, a higher minimum detectable signal %‘k '
results in a poorer detectfon range [9]. \I\
DR R
( -
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" where R = estimated maximum range, meters E
v P = transmitted power, watts o
2 o

A = effective antenna aperture, meters
o = target cross section, meters2

s = minimum detectable signal, watts, and
A = operating wavelength, meters,
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The radar-range equation {Indicates that under ideal conditions,
detection range is inversely proportional to the fourth root of the minimum
detectable signal. Based on this assumption, a 7 dB improvement in the
signal-to-noise ratio (SNR) will increase the detection range by 50 percent, a
12 dB improvement 1n SNR will double the detection range, and a 19 dB improve-
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é\ ment in SNR will double the detection range, and a 19 dB improvement in SNR h
will triple the detection range. These figures should be noted for reference o

‘i during subsequent discussfons in this report. -
It is convenient to first discuss internal system nofse. There are three 3.

b main types of internal system noise. Thermal nofse results from random K
W electron motion and s constant with frequency. Its impact depends on s
temperature and the system bandwidth, and the thermal noise floor generally E?‘

! represents the lowest level of practically achievable noise reduction. Shot 2_!{
. noise results from the discrete nature of DC current flow and 1s thought to be ‘i
r constant to approximately 100 MHz. 1Its impact depends on the particular It:
system design, and in most applications, precautions can be taken to 1imit ;i

= shot nofse to a negligible Tevel. ‘ &
The final, and most troublesome type of internal system nofse in the LFD TE:
= s flicker noise (sometimes referred to as semiconductor noise or 1/f noise). \-
= Flicker noise is due to varfous semiconductor effects and s typically “i
o inversely proportional to frequency (hence, the description, 1/f noise) [ 10- N
- 12]. In the LFD, primary sources of flicker noise are the transmitter [ 13) N
o (noise sidebands in the transmitter's output that are translated to baseband «3
L during demodulatfon) and detector-related noise [14]1. An example of the :'“
flicker noise measured for a mixer and oscillator similar to those used in the o

j LFD 1s shown in Figure 4. This example demonstrates the manner in which »{
n flicker noise decays as a function of frequency. \_:;
u
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Fiicker noise is a problem because of its large low-frequency content.
In the simple CW system described fn the previous part of this report, the
respiratory and cardiac {information in the recejved return signal was
directly translated to baseband following demcdulation. Since the strongest
component of flicker nose exists at low-frequencies, the sensitivity and
detection range of a simple CW system would be greatly compromised by f1icker
nofse.

There are several techniques that can be used to reduce flicker noise
effects. It is fimportant to note that amplification of the casualty
information following baseband translation is not one of these techniques
since both the noise and the information would be amplified. An obvious
approach to reducing flicker noise is to use Tow-noise components and a Gunn
oscillator and silicon-Shottky dfode mixer are befng used in the LFD because
of their inherent, low noise characteristics. However, even these low-noise
devices exhibit higher levels of flicker ncise than can be tolerated in the
LFD.

Another apprcach for reducing flicker noise is to amplify the received
return signal prior to demodulation. This permits the information of interest
to be amplified independently of the troublesome flicker noise. Problems with
this approach {nclude the power consumption of the amplifier and the
possibility of amplifier saturation from strong return signals due to anienna
mismatch, ground reflections, or local oscillator/transmitter leakage. The
saturation problem could be treated with feed-through nulling techniques but
the cost would be increased system complexity. Because of these potential
problems, this approach was not considered for use in the LFD.

Flicker noise can also Le reduced by using a balanced detection scheme.
In balanced detection, the demodulaticn process {1s split in half with
complimentary local osciilator signals being used for each half. When the two
demodulated outputs are added, noise compo‘nents due to the local oscillators
will cancel because of their complimentary nature. When carefully designed,
balanced schemes can be very effective in cancelling the effects of local
oscillator-related noise. However, noise from ieakage due to antenna
miswmatch or groind reflections will not be cancelled and nulling techniques
may again be necessary. The single-ended mixer being used in the 1FD
currently appears adequate. However, balanced schemes are still under
consideration and may be adopted in the final prototype.
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A third technique for reducing flickar nofse effects is currently being
used in the LFD. This technique involves translating the received return
signal to an intermediate frequency (IF) prior to detection. The IF must be
high enough in frequency to permit the {information to be amplified
independently of the flicker noise produced during the demodulation process,
but must also be low enough that signal amplification is convenient and
economical. With adequate IF amplification and filtering, the information
will be significantly stronger than any existing flicker nofse when the final
translation to baseband is wade and good receiver sensitivity will be
achieved. Nulling still may be required with this technique. However,
instead of performing nulling at a high RF (e.g., 35 GHz in the current LFD),
it would be performed at the significantly more convenfent IF (125 kHz {s the
maximum IF in the current LFD).

Frequency translation can be achieved with heterodyne or homodyne
techniques. Heterodying requires a transmitter and local oscillator having
offset frequencies. Following demodulation, the {nformation of interest is
translated to an IF equal to the difference between the transmitter and local
oscillator frequencies. Although w#idely used, heterodyne techniques can be
cumbersome because of their greater power consumption and the required
coherence between the transmitter and local oscillator (phaselocking or
single-sfdeband techniques are normally used to achieve the required
coherence). Therefore, a homodyne approach that is better suited for portable
applications {s being used in the LFD.

Homodyne techniques have the advantage of being able to employ a single
oscillator to provide both a transmitter signal and a reference signal. The
reference signal 1{s nnalogous to the local oscillator signal wused in
heterodyne techniques and enables demodulation of the received return signal.
The reference signal also enables true mixer operation to be used. This
latter property enabies conversion efficiencies comparable to that of high
performance heterodyne systems. The required frequency translation fis
achieved by appropriately modulating the oscillator and performing
demodulation in a manner that results in the information of interest being
translated to an appropriate IF. An IF of 125 kHz {s currently being used in
the LFD. Figure 4 shows that an IF greater than approximately 10 kHz provides
a high degree of flicker noise reduction with the inherently low-noise
components being used in the LFD.
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The preceding discussion 1indicates that internal system noise,
particularly flicker noise, must be minimized to achfeve gocd receiver
performance (f.e., a low minimum detectable signal) and long detection
ranges. It was also shown that the LFD includes features such as homodyne
demodulation that insure good receiver performance. In fact, based on a
consideration of internal system noise, the current LFD should be capable of
detecting casualty motions from distances greater than 100 meters. However,
experience has shown it is external noise, and not internal system noise, that
ultimately 1imits the range of the LFD. Therefore, the LFD must also include
provisions for reducing the effects of external nofse.

External noise (or clutter) is that portion of the recefved return signal
that 1s not related to the target of interest. Clutter can result from
reflections from stationary objects (the ground, buildings) as well as from
moving objects (vehicles, personnel, trees, bushes, grass, etc.). When
clutter 1is weak, 1t distorts the amplitude and phase of the target
information. Thus, the abiiity to extract diagnostically useful informatfon
{s impaired. However, good detection fs still possible. When clutier {s
strong, it is capable of masking the target {nformation and detection becomes
difficult. This latter condition describes the problem with using techniques
such as the LFD to detect casualty motion from long-ranges.

S$ince the purpose of the LFD {15 detection of Tlow-frequency motion
associated with respiratory and cardiac activity (0.05 to 20 Hz appears to be
the approximate {information bandwidth), the effects of clutter from
stationary or tast moving objects can be filtered, provided they don't
saturate the receiver. Therefore, it is clutter from slowly moving objects
such as foilage around the target casualty, and personnel motion {n proximity
to the LFD, that is the biggest problem. From these observations, it is clear
that an effective method of minimizing the gffects of clutter {s to reduce the
volume of space interrogated by the LFGC. That is, use spatial discrimination
to separate target and clutter returns. This can be achieved by using
appropriately designed antennas and by range-gating.

To aid clutter reduction, the antenna used in the LFD should have a
narrow beamwidth ({.e., high directivity) to minimize the area scanned by the
antenna. In addition, narrowing the antenna beamwidth increases the strength
of the return signal received from the target as was seen from the radar-range
equation. The antenna beamwidth required to achieve satisfactory clutter
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rejection s a function of the target range since the area scanned will become
larger as the range is inceased (because cf beam spreading), and of the
specific clutter conditions (different requirements would exist 1n barren
terrain than in high-foilage terrainj. For illustrative purposes, 1t is
useful to assume good clutter rejection requires the dfameter of the scanned
area (as defined by the antenna's 3-dB beamwidth) to be equal twice the height
of a 6-foot (1.8 meter) tall man. The resultant range that could be achieved
for this condition with antenna beamwidths of 2, 4, and 10 degrees, fs shown
in Figure 5. These results indicate that extremely narrow antenna beamwidths
are required at extended ranges. The beamwidth of the antenna currently in
the LFD s approximately 4 degrees. For the example case in Figure 5, a 4
degree beamwidth would be adequate for ranges in the vicinity of 100 meters.
Narrower beamwidths would be required to achieve clutter reductfon at Yonger
ranges if the clutter is particularly strong.

There are two factors associated with achieving narrow antenna
beamwidths that should be noted. One factor fs that antenna beamwidth s
proportional to the ratio between antenna aperture size and operating
wavelength. That is, high operating frequencies should be used to achieve
narrow beamwidths and minimum antenna size. Once the operating frequency is
fixed, the aperture size must ba {increased if a narrower beamwidth 1s
required. Thus, one of the costs that must be paid to achieve {improved
clutter rejection through narrower antenna beamwidths {1s larger antenna
sizes,

A second antenna-related factor is that as the width of the main antenna
beam is narrowed, there can be an fncrease in the sidelobe levels radiated by
the antenna. Although the sfdelobe-radiation may be well below that of the
main beam, sidelobe-radiation can be troubiesome because it can result in
reflect’ons from objects in close proximity to the LFD. Since reflections
from close-in objects will not experience significant range loss, they are
capable of masking the information of interest. An example of the effects of
sidelobe-radiation is operator-related motfon that shows up in the output of
the LFD. Reduction of sidelobe-radiation can be achieved by controlling the
aperture illumination of the antenna. One of the reasons a lens antenna s
being used in the LFD 1s that fts f1lumination pattern can be controlled in a
manner that pemits effective sideiobe reduction without significant
sacrifice 1n antenna beamwidth [ 151,
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3. Range-gating

In addition to using appropriately-desfgned antennas, the effects of
clutter can be reduced by using range-gating techniques. Range-gating (or
ranging) aids clutter rejection by making 1t possible to selectively examine
return signals from specific ranges. The limited ranging capability of the
earifest versions of the LFD was useful for eliminating the effects of
operator motion and other close-in clutter but was not sophisticated enough to
adequately reduce clutter in proximity to the target. Several improvements in
the current version of the LFD pernit a useful level of ranging to be
achieved. However, problems sti11 arise because of an inability to adequately
negate the effects of large or extended clutter sources such as trees and
grassy fields. Because of this inadequacy, and the fact that clutter is the
predominate range-1imiting problem of the LFD, a great deal of program effort
has been expended on investigating and developing techniques for improving
the ranging capabilities of the LFD.

Ranging is achieved by placing a timing mark on the signal transmitted at
the target. The timing marks on received return signals can then be used as
reference points for selecting or rejecting information from specific ranges.
Frequency modulation s being used in the LFD. The choice between pulse and
frequency modulated CW implementation depends on a number of technical
tradeoffs including, peak to average power capability of the source, burnout
susceptib{1ity of the receiver and various noise mechanisms. Whether pulse or
frequency modulation s used, the bandwidth of the transmitted signal
detrermines the range selectivity (range-cell size) that can be achieved. In
the case of the LFD, these tradeoffs favor frequency modulated CW over pulse
modulated techniques. When pulse modulation techniques are used, range-cell
size {s proportional to the pulse width. Thus, narrow pu]se widths are
required to achieve narrow range cells. If frequency modulation is used, a
wide frequency bandwidth 1s required to achieve narrow range cells. Examples
of the pulse widths and equivalent frequency bandwidths required to achieve
different range-cell sizes are shown in Table 1.

An 1deal range discrimination function 1s shown in Figure 6a. In this
example, only returns from within a selected range cell centered at the
desired range (100 feet in this example) are accepted; all others are
completely suppressed. As might be expected, the performance of a practical
system falls short of the {deai case, although good performance can be
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. TABLE 1 e
' BANDNIDTH REQUIREMENTS FOR RANGE-GATING )

o p
PULSE WIDTH FREQUENCY BANDWIDTH RANGE CELL SIZE ?’:
’ (nanoseconds) (MHz) (Feet)

- 1 1000 0.49 Y

(Uj 5 200 2.5 ¥
| 10 100 4.9 iy
8 25 40 12 3
g 50 20 25 h

100 10 49
(i 200 5 98
1000 1 490
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Figure 6ab. Graphs of range-discrimination functions for several different
a) 1deal range-discrimination function, (b) non-
jdeal range-discrimination function of current LFD.
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achieved with careful design.

The computed range-discrimination function of the current LFD 1s shown
in Figure 6b. The target range and range-cell size in this uxample have been
set for 100 feet and 20 feet, respectively (the range-cell size is defined as
the distance between the 3-dB points of the range-discrimination function).
The most serfous departure from the ideal case is the incomplete suppression
of return signals from ranges outside the main range cell as evident from the
multiple secondary peaks in Figure 6b. These secondary peaks are referred %o
as range-sidelobes. Some suppression is clearly evident. For example,
returns from 150 feet are suppressed by approximately 18 dB. However, this
degree of suppression is not sufficient to adequately attenuate returns from
large clutter sources such as a stand of trees.

With the frequency modulation-based ranging scheme being used in the
LFD, the demodulation output of the LFD will contain sinusoidal bursts due to
returns from the target being evaluated. The frequency of these bursts is a
function of the target range which enables ranging to be performed. If the
sfnusoidal burst contains an integral number of cycles, a range-discrimiation
function similar to the ideal case shown in Figure 6a could be achieved.
However, the number of cycles in the sinusoidal burst will vary as a function
of target range. Thus, while complete suppression is achieved at some ranges
as evident from the nulls in the range-discriminatfon function shown in Figure
6b, incomplete suppression is achieved for {in-between ranges.

Range-sidelobes can be reduced by applying a weighting function 16-18
(or window) that tapers the ends of the sinusoidal bursts to decrease the
contrfbutions of any incomplete cycles within the outputted bursts. Several
possible weighting functions have been evaluated during the third year.
Results computed for one such weighting function {s shown in Figure 6¢c. In
this case, returns from 150 feet are now, suppressed by 23 dB, which is an
improvement over the result obtained with no weighting. Thus, better clutter
discrimination could be achieved if weighting were used to reduce range-
sidelobes,

An effect of using weighting functions is an {ncrease {n the width of the
main range cell. The original width can be restored by increasing the amount
of frequency deviation that is employed as shown in Figure 6d. In this
example, returns from 150 feet are reduced to an inconsequential level. It
may be noted that in addition to decreasing the level of the range sidelobes,
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the weighting function also reduces the peak amplitude of the range-discrimi-
nation function. However, since the noise 1s reduced by almost as much as the
signal, there {s a very small net loss. Implementation of this improved
range-gating system appears practical for the LFD since it requires only a
modest increase in system complexity. Currently, plans are being made to
obtain the additional hardware needed to implement an improved range-gating
capability.

4. Description of Current Prototype System

The preceding discussion indicated a number of performance features that
should be incorporated into the lifeform detector to achieve good perfor-
mance. These features included the use of (1) a high operating frequency to
enhance motion sensitivity, (2) a directive, low-sidelobe antenna and range-
gating to aid 1n clutter rejection, (3) synchronous (quadrature) detection to
avoid range-deadspots that result in poor motion sensitivity, and (4)
reduction of internal system nofse, particularly flicker noise, to insure
high receiver sensitivity. At least preliminary versions of each of these
features has been incorporated into the current version of the LFD.

A block diagram of the current LFD 1s shown {n Figure 7. The first point
to note about this system is its high operating frequency of 35 GHz. The
operating wavelength at this frequency is only 8.57 mi1limeters. Preliminary
results indicates this is short enough to permit motions of less than 0.05
mil1imeters to be detected. In general, motions associated with respiratory
and cardiac activity appear to range from a few millimeters to less than a
millimeter, depending on the subject's condition and position. Greater
motion sensitivity could have been obtained by using an even higher operating
frequency. However, 35 GHz was selected to avoid the higher cost and poorer
reliability of components currently availaple at higher frequencies.

The short wavelength at 35 GHz also makes it possible to achfeve high
antenna directivity using reasonably-sized antennas. Two different-sized
antennas are currently available for use in the LFD. A six-inch dfameter
antenna that provides a 3-dB beamwidth of approximately four degrees has been
used in the majority of studies performed to date. A nine-inch diameter
antenna that provides a 3-dB beamwidth of approximately 2.5 degrees is also
avaflable and may be employed when the LFD {s operated at Tonger ranges.

A scalar feedhorn-dielectric lens arrangement {is being used for the
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Figure 7. Block dfagram of 35 GMz prototype EM-based LFD being
developed at Georgia Tech.
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antennas as shown in Figure 8. A single feedhorn can be used with efther a
six-inch or a nine-inch diameter lens. The feedhorn and dielectric lenses
were all custom-fabricated for use on this program. The feedhorn has a
relatively wide 3-dB beamwidth of approximately 20 degrees because of its
small, one-inch aperture. However, the diverging beam from the feedhorn {s
collimated or "corrected" by refraction produced by the dielectric lens to
produce the desired narrow beamwidth.

2 scalar feedhorn design was specified instead of a more commonly
available horn antenna because the inherently-low sidelobe radiation of the
scalar horn helps minimize the overall sidelobe-radiation exhibited by the
feedhorn-dielectric lens combination. In addition, the sfze of the feedhorn
was selected so the lens i1lumination pattern produced when the feedhorn 1is
positioned at the lens focal point {s approximately 20 dB lower at the outside
edge'of the lens than at the lens center. By tapering the 11lumination 1n
this manner, effects of the discontinuity at the lens edge can be minimized
and overall sideiobe radfation can be reduced. However, a slightly wider
beamwidth must be accepted for employing this type of 11lumination pattern.

The lens antenna 1s currently the largest single component in the LFD and
it does not appear that it will be practical to use a lens larger than nine
fnches in diameter. If future testing indicates narrower antenna beamwidths
are needed because of clutter-related problems, it may be desirable to
consider using a higher operating frequency. For example, at a frequency of
94 GHz, a six-inch dielectric lens and suitable feed horn could be used to
achieve a 3-dB beamwidth of approximately one degree. However, as noted
earlier, problems could be encountered with component cost and reliability if
a higher operating frequency were used. An alternative to changing the
antenna beamwidth would be to 1mprove clutter rejection by using a more
refined range-gating scheme. ‘

The LFD shown {n Figure 7 is based on a homodyne design. As explatned in
a preceding part of this report, homodyne techniques make 1t possible to
achieve efficient, low-noise detection of the received return signals without
requiring the complexity and higher power drain of more commonly used
heterodyne approaches. A single transmitter {is required when a homodyne
receiver is employed. The transmitter being used in the LFD is a 35 GHz
voltage tuned oscillator (VTO). The VTO can be modulated by applying a
suitable modulating waveform to the VT0's varactor tuning point. The output
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level of the VTO is approximately 50 miliiwatts, however, tne attenuator shown
in Figure 7 reduces the actual radiated power level. The VTO dissipates
approximately 4.5 watts of power which is tha main power drain in the LFD. A
recently purchased replacement oscillator uses only three watts of input
powar. .

Demodulation in the homodyne LFD is achieved by mixing the received
return signal and a reference signal in a single-ended mixer. A silicon,
Shottky-barrier diode mixer {s being used because of its inherent low noise.
The fnjection network shown in Figure 7 is used to supply the needed reference
signal. By controlling the reference signal level and applying a suitable UC
bias current to the mixer, excellent conversiorn efficiency and high receiver
sensitivity are achieved. Numerous mixer tests performed during this program
indicate that since receiver sensitivity is a function of both conversion
efficfency and noise, the reference signal level should be relatively Tow
(0.1-0.5 milliwatts as compared to the 5-20 milliwaits used in normal mixer
operation). The ability to use a Tow reference signal level is advantageous
from a viewpoint oF power consumption and personnel safety.

The key feature of the current lifeform detector is fts use of frequency
modulation. Frequency modulation is achieved by applying a periodic ramp
waveform to the varactor port of the VT0. As the ramp voltage rises from its
starting to 1ts peak voltage, the frequency of the YTO is linearly swept.
Modulating frequencies as high as 125 kHz can be used in the current system,
The amplitude of the modulating waveform controls the frequency deviation of
the YT0, and hence, the range-cell size. To achieve ranging, the amplitude of
the modulating waveform fs adjusted so that information from the desired
target range occurs at a specified frequency (in this case, a selected
harmonic of the modulating frequency). Thus, a fixed frequency receiver can
be used at the ouiput of the mixer. ‘

With this modulation/demodulation approach, the frequency deviation and
range-cell size vary as a function of target range. The largest frequenc)y
deviation is used at the closest range which makes the range-cell size
proportional to the target range. That 1s, the range-cell size increases as
the target range is increased. This is undesirable since 1t is at long ranges
that the greatest clutter-rejection 1s needed. This problem can be overcome
by decreasing the modulating frequency as the target range is increased. This
permits 2 large frequency deviation and narrow range-ceil size to always be
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used. During measurements with the current LFD, premeasured charts of the
LFD's response are used to set the modulating frequency and deviation for the
desired target range.

Several experiments were conducted to determine if the range-gating
system of the current LFD behaved similarly to that predicted in Figure 6b
(since no weighting was being used). These experiments also provided
{nformation for charts that would be needed to set the frequency deviation and
modulating frequency when the LFD was field tested. In the first set of
experiments, a target consisting of a sinusoidally moving corner reflector
way positioned a known distance from the LFD. With the modulating frequency
fixed at 62.5 kHz, the level of the return signal from the corner reflector
was measured as the frequency deviation was adjusted from {ts minimum value (0
percent) to its maximum value (100 percent). The resulting data was used to
plot the strength of the target return as a function of the frequency
deyiation.

Data obtained for a target range of 100 feet was used to produce the
graph shown in Figure 9. ‘The information in this graph shows that for best
performance given a target range of 100 feet and a modulating frequency of
62.5 kHz, the frequency deviation should be set to approximately 40 percent.
The effects of range-sidelobes is apparent in Figure 9 since the target could
be seen to some extent at every deviation setting. The fact that the best
frequency deviation setting was only 40 percent {is an {ndication the
modulating was too high for this target range. Recall that for best
perfcrmance, the modulating frequency should be selected to permit full
frequency deviation {i.e., 100 percent) to be used so that the minimum range-
cell size can be achieved.

This initial orperiment was repeated for target ranges from 75 to 175
feet in 25 foct increments, and for modulating frequencies from 12.5 to 125
kHz in 12.5 kHz increments (N will be used to denote the specific modulating
frequency with N = 1 corresponding to the highest modulating frequency and N =
10 corresponding to the lowest modulating frequency). The resulting data was
usod to prepare graphs that illustrate how the modulating frequency and
frequency deviation (0 to 100 percent) should be set as function of the target
range. A graph showing results for N from i-4 {s presented in Figure 10. It
should be apparent that a great deal of effort was required to obtain the
informatfon in this figure., To avoid this sftuation with future range-gating
systems, efforts arc¢ underway to compare the results 1in Figure 10 to
theoretically predicted results. If thic comparison proves favorable, it
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will be possible to generate the required ranging data once the tuning
response of the main oscillator is known.

In another informative experiment, the LFD detector was aimed at a stand
of trees at a range of approximately 200 to 250 feet. With the modulating
frequency set at 125 kHz (N = 1), the frequency deviation was set for a range
of 175 feet. Because of the high modulating frequency (or low N), the
required deviation was small (14 percent) and the resulting range-cell width
was large (approximately 150 feet). Because the range-cell size was so large,
the distant trees were partfally within t.- wmain rarnge cell and clutter
effects were pronounced. The modulating frequency was then decreased in 12.5
kHz steps to 17.86 kHz (N = 7). At each new modulating frequency, the
frequency deviation was reset for a range of 175 feet and the clutter from the
trees remeasured. Since the range-cell size was decreasing as the modulating
frequency was decreased, the effects of the clutter should have decreased at
each new modulating frequency.

The results of this simple experiment are shown in Figure 11. As
expected, the clutter was highest when the highest modulating frequency
(Towest N and widest range-cell size) was used. As the value of N was changed
from 1 to 2, the effects of the clutter were found to decrease because the
trees were no longer in the main range cell. However, as the value of N was
increased above 2, there was 1ittle improvement in the detected clutter level
even though the range-cell sizes should have been small enough to discriminate
against the trees. The fact that clutter from the trees could still be seen
for high values of N, is evidence of the effects of range-sidelobes and
demonstrates the need for refinement of the LFD's range-gating capability.

5. Experimental Data (Time-Waveforms)

Currently, a dual-channel strip-chart recorder and a digital storage
scope are being used to monitor the output'bf the LFD. This makes it possible
to directly observe respiratory and cardiac motion when the signal-to-nofse
ratio is sufficiently high. Examples of respiratory motion detected with an
earlier version of the LFD for ranges of 30, 40, and 50 meters are now
reviewed.

The respiratory data in Figure 12a was taken with the subject lying
supine and perpendicularly to the antenna beamwidth with his left side toward
the LFD. Examination of this data reveals respiratory information is present
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supine with left side to beam from LFD. o
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in both Channel-1 and Channel-2 (these are the quadrature channels from the
LFD). The fact that neither channel appears distorted indicates the detected
motion was approximately one-efghth wavelength (one millimeter). The
subject's chest was certainly moving more than a millimeter. The actual
respiratory motion was probably more than a centimeter. However, most of this
motion was in a vertical direction while the LFD was mainly sensitive to
horizontally-direction motion. Thus, body position may prove to be an
important factor.

To obtain some 1nsight into the effect of body position, a second set of
data was taken at 30 meters using a subjact whose positon was rotated 90
degrees so that his head was toward the LFD. In this case, respiratory motion
was again observed in both channels as shown in Figure 12b, However, the
information in Channel-2 was distorted. This distortion was a result of the
range-deadspots described previously. In this case, the target motion was
large enough that the information in Channel-2 was not entirely suppressed.
However, 1t was severely distorted and the respiratory frequency actually
appears to be doubled for the first 4 to 5 breathing cycles. This result
demonstrates one type of problem that can occur with systems not possessing
quadrature-channel capability.

Examples of respiratory motion detected from a longer range of 40 meters
are shown in Figure 13. Respiratory data is present in both channels in the
data shown in Figure 13a. However, the data does appear to contain more noise
than the data obtained from 30 meters. This was a result of weaker target
returns from the greater target range and increased clutter from a large stand
of trees that was behind the target at a range of 60 to 70 meters from the LFD.
Respiratory data was present in only one channel in the data shown in Figure
13b. This demonstrates the 1oss 1n motion sensitivity that can occur because
of the effects of range-deadspots.

Respiratory data measured from a range of 50 meters are shown in Figures
14, The results are similar to those obtained at closer ranges. In cne case
(Figure 14a), respiratory data can be clearly observed in both channels, while
it is pre-ent in only one channel for the case shown in Figure 14b. A greater
noise 1evel can be noted in the data obtained from 50 meters. This was again a
result of weaker return signals and increased clutter from the trees which
were only 20 to 30 meters behind the target.

In examining the data in Figures 12-14, little evidence of cardiac
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Figure 12b. Respiratory motion detected from 30 meters for subject lying
supine with head to beam from LFD.
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Figure 13a. Respiratory motion detected from 40 meters for subject
lying supine with left side to beam from LFD.
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Figure 13b. Respiratory motion detected from 40 meters for subject
lying supine with left side to beam from LFD showing
effects of range-deadspots in Channel 1.
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activity can be observed. Experience indicates that cardfac information is
present, but 1s so weak that it cannot be seen on the recorder sensitivities
required to observe respiration. To offset this problem, subjects were asked
to stop breathing for short periods (20 to 30 seconds) so that the recorder
sensitivities could be increased enough to permit cardiac activity to be
observed. This approach proved successful. In general, 1t was found that the
recorder sensitivity had to be increased by a factor of ten to enable cardiac
information to be observed.

An example of cardiac motion detected from a range of 30 meters 1s shown
in Figure 15. Although relatively weak, comparison of the suspected cardiac
data in Figure 15a to the corresponding baseline data (recorded with no target
present) in Figure 15b clearly shows the presence of a distinct heartbeat

signal. Similar results were obtained from a range of 40 meters as shown in
Figures 16a and 16b. 1In both cases, the cardiac information {s masked by a

strong noise component. Since this noise is not evident in the baseline data,
it 1s probably not due to clutter. Instead, 1t appears to be due to the
combined effects of clothing and slight body motfons such as twitches, head
motions, chest wall motions as subjects strained to hold their breath, and
possibly gastrointestinal motions. It was found that much of the noise in the
cardiac signal could be removed with a high-pass filter. When the filter
cutoff-frequency was changed from 0.07 Hz to 1.0 Hz, the results in Figures
16c and 16d were obtained.

It was generally difficult to detect cardiac signals from a 50 meter
range because of the large amount of background nofse. The problem was
clutter from the trees beyond the target locatfon since a high Tevel of noise
was also observed for the baselfne case. There were perfods, however, when
cardiac information could be observed from 50 meters. Results of one set of
successful measurements are shown in Figures 17a and 17b (note that the
recorder's horizontal and vertical sensitivities were increased for these
measurements to make 1t easier to observe the weak cardfac signals). The
cardfac information in Figure 17a is partially masked by the background nofise
but a distinct cardiac signature can be observed fn Channel-1. It may be
noted that this cardiac signal is very similar in shape to the signal seen in
Channel-2 of Figure 16¢.

The preceding examples show that the ability to observe detected
respiratory and cardiac motion provides a convenient test of the performance
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. Figure 15a. Cardiac motion detected from 30 meters for subject
lying supine and holding breath.
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i Figure 16a. Cardiac motion detected from 40 meters for subject
lying supine and holding breath.
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Figure 16b, Baseline data for heartbeat data in Figure 16a.
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£ of the LFD. However, it does not appear to represent a fair test of &&
b performance. This assumption 1s based on the fact that a very high signal-to- ‘g
i' nofse ratio (SNR) is required to clearly observe respiratory and cardiac o

waveforms in the output of the LFD. With appropriate signal processing, it ;3

‘ should be possible to achieve reliable detection with a 1ower SNR. Therefore, :ﬁ;

improving the current signal processing capability 1s a major requirement.

The signal processing capability of the LFD currently consists of a set
of bandpass filters with cutoff frequencies based on the range of respiratory
and cardiac rates that are to be detected. Since allowances must be made for
the wide variations that can occur in these rates, the filters have relatively
wide bandwidths. Typical bandwidths are 0.05-1 Hz for the respiratory filters
and 0.5-10 Hz for the cardiac filters (although an upper cutoff of 20 Hz may
be a better choice). Since these filter bandwidths are wide relative to the
information bandwidth typically observed during a single measurement, it {s
not possible to achieve very good noise reduction.” This s not a serious
problem when the SNR ratio is high, but is a problem when the signal-to-noise
ratio 1s Tow such as at long ranges or under high clutter conditions.

A possible improvement would be to replace the current wideband filters
with 2 narrow-band filter that could be tuned over the frequency band of
interest. A narrower filter bandwidth would provide greater noise reduction,
but the added inconvenience and time required for tuning the filter over the
entire possible information band would have to be suffered.
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A bank of narrow-band, bandpass filters that cover the required informa- b
!! tion band could be substituted for the single tunable filter. An appropriate R
detector could be used to check the output of each filter in the bank to \s
- §§ determine the presence or absence of target information. It may be noted that Q 4
if the individual filter bandwidths were selected properly, a sinusoidal r
o s1gnal would be outputted by one or more of the filters in the bank whenever B
b any type of perfodic information was processed through the filters. By using ;Tﬁ
. Fﬂ a suftable detection scheme, it appears this would make it possible to discri- }5;
ki minate against strong, but irregular nofse components. However, it would be 4
- necessary to observe the output of each f{lter for a period sufficiently long !
L to permit the effects of random noise fluctuations to average out.

To achieve best performance with the filter-bank approach, the filter
bandwidths should approximately match the bandwidth of compunents in the
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A) spectrum of respiratory and cardfac information. Experience indicates that

& individual f11tar bandwidths as narrow as 0.05 Hz might be necessary. Thus,

if the filter bank were to cover the entire 0.05-10 Hz band covered by the

\ i‘ current respiratory and cardiac filters, a suitable filter bank would have to

‘ contain 199 {ndividual filters. Such a network would of course be troublesome

| é§ to fnplement. A smaller number of filters could be used, but there would be a
corresponding loss in detection performance.

!% If the output power of the proposed filter bank was detected and plotted

4“ as function of each filter's center frequency, the resulting graph would

tis represent an estimate of the power spectrum of the information passed through

b the filter bank [19-22]. Therefore, an alternative to using a f{lter bank

m would be to process the output of the LFD through a system capable of using

{j efficient algorithms to compute the power spectrum of the {inputted signal.

; Individual components in the computed power spectrum would be analogous to the

&s outputs of individual filters in the filter bank. .With this approach, the

required detection could be performed by comparing the target power spectrum
f (£ to a noise-only spectrum. In this case, knowledge of the characteristics of
; the noise becomes an important part of the overall detection process.
‘e, The following part of this report discusses the general subject of signal
i' processing. Background information on target detection as well as
information on obtaining good power spectrum estimates 1s included. Some of
the advantages as well as some of the costs of performing signal processing
are also fdentified through results of several signal processing experiments

PR
PRt o

g performed during the third year.
- C. Signal Processing
b 1. Basic Information
P The term signal processing can be used to describe anything done to
b enhance the ability of the LFD to detect the presence or absence of target
. information. Therefore, in the strictest sense, signal processing includes
gj capabilities such as range-gating, directive antennas, and low-noise
receivers, that are being used to enhance the performance of LFD. However, 3y
gq since these topics have already been reviewed, the current discussfon will , ?Q@f
v focus on the remaining aspect of signal procesing which consists of operations 1
EE performed to relfably and efficiently detect the presence of target -
: information in the noise-contaminated output of the LFD. E%%
‘. This discussion will eventually lead to the jdea of achieving target Eé;;
M. :«::Ef
o
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the price that must be paid for improving detection performance through signal
processing 1s observation time (observation time is the period over which '
target information 1s collected and should not be confused with computation ?
time which can be relatively short with a suitable processor). When power
spectrum analysis 1s used, 1t will be shown that increased observation periods

b detection based on power spectrum analysis of samples of the LFD's output. 1
! Under appropriate conditions, the literature (2,31, as well us results of i;;i
: preliminary experiments, indicate power spectrum estimates can be used to i
' achieve very-good, possibly near-optimal, detection performance. In general, !

=8
= |

gg are needed to achieve narrower resolution bandwidths and to permit an
o effective level of averaging to be performed.
o~ The term target-detection has been used frequently during this report to
Lt" describe the process of determining the presence or absence of target f{nforma-
. tion (where target information {s conszidered to be respiratory and cardiac
& activity). For the LFD, target-detection can be defined as the process of
deciding between two hypotheses [ 23-28]1. Hypothesis-1 s that the target {s r
l':ji;’ not present while hypothesis-2 is that the target 1s present. A decisfon ’
between the two possible hypotheses could be made by passing the 1nformation E
N from the LFD through a signal processing system that would provide an output ’
' that could be compared to a suitable threshold level. If the output of the
. processor exceeds the threshold, a decision of targei presence is made. J
&: Conversely, 1f the processcr output does not axceed the threshold, the '
alternate decision of target absence is made.
E Selecting a detection threshold level requires making a compromise
between the two possible types of detection error. One type of error occurs
i when system noise exceeds the established threshold level and a target
b presence 1is falsely i{ndicated. This type of false-alarmm error s
F. statistically described as Type-1 error and can be characterized by a

corresponding probability of false-alarm. A second type of error occurs when

- a target signal does not exceed the threshold and a target's presence 1s not

.,‘,f, detected. This type of missed-detection error is statistically described as a

Type-2 error and can be characterized by a corresponding probabi1ity of missed
" detection (or more commonly by the related probability of detection).

For good detection performance, the threshold level is set to achieve a

- w ww
o A e

N

i::: high probabil{ity of detection and a low probaif1ity of false-alarms. A common i
procedure in radar applications is to fix the false-alarm probability at an ;5
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acceptable value, then adjust system parameters to optimize the detection
probabi1fty [1]. System parameters that can be varied to adjust the detection
and false-alarm probabiliifes are the signal-to-noise ratio (SNR) and the
observation perfod.

As might be expected, high SNR's and long observation periods generally
result in the best detection performance. If a short observation time is
required, the SNR must be maximized to achieve good detection performance.
Conversely, if the SNR 1s Tow, a long observation time is necessary to achieve
good detection performance. Since short observation times are desired for the
LFD, the SNR must be made as high as is practical. This 1s why improving the
clutter-rejection capabflities of the LFD is considered to be so fmportant.
When the target range and clutter level become so great that respiratory and
cardfac fnformation are heavily corrupted by nofse (f.e., low SNR), signal
processing can be used to offset the loss in receiver performance, but at a
price of longer observation times.

2. Types of Detectors

When signal processing 1s used to iImprove detection performance,
precautions must be taken to insure that the selected detector is suitable for
the particular detection problem. Detection problems vary as a function of
the specific signal and nofse characteristics. They range from the signal-
known-exactly (or SKE) case in which the amplitude, phase, and frequency of
the signal being detected are known exactly, to the case where so 1ittle is
known about the signal being detected that it must be treated as a random
process. The more that is known about a particular detection problem, the
better the datector that can be derived for that problem. An optimum detector
can be derived in most cases. In each case, the definition of optimum depends
on the measure of goodness selected to evaluate the detector's performance. A
common detector choice for detection problems such as the LFD is the matched
fil1ter, which is a special case of an optimum 1inear filter that has been
desfgned to maximize the output SNR [1],

The SKE case {s one detection problem that has been heavily analyzed. An
example of this type of problem 1s detection of a sinusoidal signal of known
amplitude, phase, and frequency that is corrupted by additive white nofse.
The optimum detector for this case {s the matched filter detector. This
detector can be implemented using a correlator to multiply the fnput signal-
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plus-nofse with a replica of the signal, then integrating the product from the
correlator. At the end of the specified observation period, the integrator
output can be compared to a suitable threshold level to make the required
detection decision,

The SKE case is one of the few detection problems for which relatively
simple mathematical results are available. Analysis of the SKE case is
informative because the optimum detector for this case defines the 1imits of
the improvements that can be achieved with signal processing. Analysis of
this case also provides a convenient way to evaluate the relationship between
detection probabiiity, false-alarm probability, signal-to-nofse ratio, and
observation period.

A graph of detection performance for the SKE-case is shown in Figure 18
[29]. This graph shows detection probability (PD) and false-alamm
probability (PF) as functions of a parameter called the detectability 1ndex
(d) which 1s simply the square-rcot of the product of SNR (1 Hz bandwidth) and
the observation period (T). There are several ways to interpret and utilize
the graph in Figure 18, One informative use of this graph is to weigh the cost
of receiver performance ({.e., SNR) versus the cost of signal processing
(1.e., the observation period).

For example, suppose the SNR and T are set to produce a specific
detectability index, d. Given this detectability index, a desired false alarm
probability can be specified. The resultant detection probability can then be
read from the graph. If a higher detection probabiiity is to be achieved
without changing the detectability index, a higher faise alarm probability
must be accepted. That 1s, improving the detection probability results in a
worse false-alarm probability. If the detection probability {is to be
increased while maintaining the same false-alarfm probability, the
detectabfiity 1index must be {improved. Recall that improving the
detectability index requires increasing the SNR and/or the length of the
observation period.

As a second example, suppose the LFD could be treated as a SKE case.
Because of the LFD's intended use, an extremely high detection probability 1is
required, perhaps 99.9 percent. Although not as detrimental as missed
detections, false-alarms are also undesired. An acceptable false-alarm
probabi1ity for the LFD might be cne percent. For these probability values,
Figure 18 shows that a detectability {index of approximately 5.5 would be
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required. If the SNR in a one Hz bandwidth equaled 0.5 (or 3 dB), th
observation perfod required to achifeve the desired faise-alam and detection
probabilities can be computed as 60.5 seconds.

Detection performance 1s critically dependent on the detectability
index, particularly in the region of good detecticn performance (i.e., high PD
and Tow PF). If the SNR were to drop (e.g., because of an increase in range or
clutter), the observation time would have to be increased if the detection and
false-alarm probabilfties ssre to be maintained. 1If the SNR drops, but the
observatiori perifod i5 not increased, a worse detection probability and/or
false alarm probability must be accepted. For {1lustrative purposes consider
that 1f the target range was doubled, the SNR would decrease by at least 12 dB
due to a Toss 1n return signal strength. To majntain the detection and false-
alam probabilities in the preceding example at 99.9 percent and one percent,
respectively, the observation time would have to be increased from 60.5
seconds to 968 seconds. It should be clear that achieving good detection
performance is a combination of using a good receiver and adequate sfgnal
processing. Signal processing can definitely be beneficial, but can not be
used to compensate for poor recefver performance unless one is willing to pay
the required price of extended observation periods.

On the other extreme from the SKE-case is a case where so 1ittle is known
about the signal being detected that it must de treated as a random process.
In this case, detection could be achieved using a technique usually referred
to as an energy detector which requires 11ttle knowledge except for the
approximate frequency 1imits of the signal being detected [30-32] . Detection
consists of determining {f any energy in the suspected frequency band exceeds
an established thrreshold. This type of approach could be used with the LFD 1f
the outputs of the existing respiratory und cardiac filters were integrated
and then comparec to suitable threshold levels.

The pertormance of the simple energy detector is poorer than that of the
matched filter used in the SKE-case. However, the simple energy detector has
the advantage that {1ts performance will not be serfously degraded by
variations in signal characteristics. For example, 1f frequency variatfons
occurred in a sthusoidal signal being detected with a matched filter detector,
the performance of the SKE detector could Le seriously degraded. Conversely,
frequency varfations would have 1ittle impact on the performance of the simple
energy detector.




The LFD 1s not pertectly described by efther of the two extreme cases
discussed in the preceding examples. Casualty respiratory and cardiac
information as well as clutter-related noise will vary widely. Therefore, it
would be difficult to treat the LFD as a SKE problem (e.g., see Figures 12-
17). However, it 1s known that the detected waveforms from the LFD are often
periodic in nature and reasonably accurate frequency limits can be defined for
the detected cardiac and respiratory information. Therefore, it should be
possible to derive a detector that provides better detection performance than
the simple energy detector.

The performance of any detector developed for the LFD will depend on the
level of information known about the signals and ncise outputted by the LFD.
The less knowledge that can be assumed about the problem, the greater the SNR
and observation period must be to achieve a desired level of detection perfor-
mance. Therefore, a large part of the third-year efforts on this program have
focused on spectru’ analysis of the signals and nofse. Spectral studies were
performed primarily to characterize the signals and noise associated with the
LFD 1n ¢rder to provide data for deriving a suitable signal processing system.
However, in addition to this basic dzata, the spectral studies provided {deas
for performing signal detection based on power spectrum estimates and and also
provided information relevant to selecting spectral parameters to obtain
useful power spectrum estimates.

3. Power Spectrum Analysis

Power spectrum analysis provides a means of evaluating the spectral
behavior of random processes by providing an indication of the average power
as a function of frequency [19-22]. Power spectrim analysis {s useful for a
number of detection applications including detection of periodic signals in
noise [2-4] . Examples of the time-waveforms and corresponding power spectrum
estimates for a noise-free sinusoidal signal and the same sinusoidal signal
corrupted by noise are shown in Figure 19. For the noise-free case, the
sinusoid can be clearly observed in both the time and frequency domains. For
the noise corruptea case, the sinusoid {s too heavily masked to be cbserved in
the time domain. However, examination of the power spectrum of the noisy
signal reveals the presence of a spectral component at the proper frequency.
By comparing this spectrum to a suitable threshold, detection of the noise-
corrupted sinusoid would be possibie.
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To achieve good power spectrum estimates when dealing with narrowband
signals, it 1s necessary to use a narrow resolution bandwidth (BW) to minimize
the effects of noise. Recalling the earlier analogy between the power
spectrum and a filter bank, a narrow resolution bandwidth is equivalent to a
filter bank comprised of a large number of narrowband filters. It should be
noted that the BW is inversely proportional to the length of the observation
period. Thus, narrowing the BW to achieve lower noise requires fncreasing the
observation period.

The significance of the BW can be observed by performing power spectrum
analysis on a sinusoidal signal plus noise using three different BW's. It is
convenient to describe the three cases as the low, medium, and high resolution
cases, where the term “high" refers to the narrowest resolution. The power
spectrum estimates for these thre: cases are shown in Figure 20, A narrow
peak corresponding to the sinusoidal signal can be observed in all three
cases. To permit the relationship between the BW and noise to be observed, a
1ine corresponding to a imaginary threshold has been drawn at an identical
Tevel on all three estimates.

For the medfum-resolution case shown in the top graph, the selected
threshold fs s1ightly above the nofse but well below the signal peak. This
should produce a high detection probabil{ty and a Tow false-alarm probabil{ty
(where the terms high and low are used in a relative sense). The middle graph
in Figure 20 shows results obtained when a Tow BW was used. In this case, the
signal peak is still well above the threshold level and a high detection
probabilfty would be maintained. However, the higher noise level causes the
threshold to be exceeded at many frequencifes where 1t is known no i{nformation
is present. Thus, the false-alarm probability would be significantly worse.
1f the false-alarm probability had to be kept low, the threshold level would
have to be raised. This would of course also decrease the detection
probability.

Results obtained when the high BW was used are shown in the bottom graph
in Figure 20, The signai peak is well above the threshold so a high detection
probabi1ity is maintained. In addition, the decreased noise resulting from
the higher resolution 1s now well below the established threshold level. This
results in a Tower false-alarm probability since there {s less chance of the
lower noise-level exceeding the threshold. If the false-alarm prouvability
was to remain unchanged from that for the original medium-resolution case, the
threshold for the high-resolution case could be Towered. This would have the
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(a) Medium-resolution case:;

BW=375 millihertz.

TR A

SPAN: 4100 Hz

(b) Low-resolution case;

BW=3,75 Hertz.

M\«Al
7 VY

SPAN: 1 000 Hz

(c) High-resolution case:

BW=37.5 millihertz.

SPAN: 10 Hz

Figure 20. Power spectrum estimates of noisy sinusoid computer

for (a) medium-resolution bandwidth, (b) Tow-reso-
lution bandwidth, and (c) high-resolution bandwidth.

Horizontal 1ine in each graph represents identical
threshold levels,
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added benefit of increasing the detection probability. This demonstrates the
benefits of using high resolution when using power spectrum analysis for
making detection decisions.

Re-examination of the power spectrum estimates in Figure 20 shows that
more relfable detection could be achieved if the variations in the noise
portion of the spectrum could be reduced {or smoothed). This would permit the
use of Tlower threshold levels that would result in improved detectfon
probabilities without sacrificing the false-alarm probability. Smoothing can
be achieved by averaging the results of power spectrum estimates of multiple
samples of data. Since the noise in the individual spectra 1s uncorrelated,
variations in the averaged spectrum will be reduced while the signal
information will be minimally affected.

The benefits of averaging can be demonstrated by comparing the
unavaraged power spectrum of a weak sinusoid in noise to two other cases where
10 averages and 100 averages have been used. These results are shown 1in
Figure 21. It can be seen that the predicted smoothing significantly improves
the ability to detect the weak signal peak. However, 1t should be noted that
if averaging is to be employed without changing the BW, the required
observaticn time must be multiplied by the number of averages used. If the
observation time cannot be Increased, averaginy can be performed by dividing
the original sample sequence into a number of shorter sample sequences.
Results of power spectrum analysis performed on the shorter sample sequences
could be computed and then averaged to obtain the desired smoothed spectrum.
0f course, resolution must be sacrificed 1f smoothing is to be achieved in
this marner,

The possible tradeoffs between BW and averaging present an interesting
dilemma. Given a maximum, acceptable observation period, how should the BW
and number of averages be determined? The answer depends on the signal being
detected. If the signal has an extremely narrow bandwidth, the highest
resolution should be selected ({i.e., no averaging). If the {information
bandwidth s finite, the resolution should be selected to match the
information bandwidth. If the required resolution can be achieved using less
than the max{imum permissable observation period, additional power spectrum
estimates should be computed and averaging should be performed.

To demonstrate this point, the power spectrum of a weak, noise-modulated
sinusoid with a 3-dB bandwidth of approximately 400 millihertz was computed
using a BW of 375 millihertz. Although this was an appropriate BW for this
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case, the sfgnal was difficult to detect because of noise. The spectrum was
then recomputed in two different ways, each requiring the observation period
to be increased by a factor of ten. In one case, the BW was increased by a
factor of ten to 37.5 millihertz. In the second case, the BW was kept at 375
millihertz and the additional observation period was used to compute
additional power spectrum estimates which were then averaged to obtain a
smoothed power spectrum.

Results of these tests are shown in Figure 22. As predicted, the middle
graph in Figure 22 shows that using a resolution substantially narrower than
the information bandwidth did not significantly improve the abil{ty to detect
the signal peak. However, using the original 375 millihertz resolution plus
averaging did significantly improve detection performance, as shown in the
bottom graph. This example demonstrates that accurate information about the
signal being detected is needed to determine the BW needed to achieve the best
detection performance using a minimum observation period.

4. Results of Power Spectrum Analysis of LFD Signals and Noise

During the third-year of this program, a Hewlett-Packard Model 3561A
Dynamic Signal Analyzer was used to perform power spectrum analysis on signals
and nofse outputted by the LFD, The data analyzed had previously been

recorded on a multichannel FM-tape recorder. This data was recorded on the
roof of the building housing our laboratories in the manner described for the
data shown in Figures 12-17. The recorded data used in the analysis was
collected for three different conditions. For the first set of conditions
(referred to as the test case), the LFD was aimed at a subject 1ying 30 meters
from the LFD. For the second set of conditions (referred to as the baseline
case), the subject was removed and the LFD was aimed at the previously
occupied target location to provide a measure of the clutter level. The LFD
was then aimed at the empty sky to obtain samples of clutter-free data for the
third set of conditons (referred to as the sky-noise case). In all cases,
data was passed through 0.05-10 Hz bandpass filters prior to recording (the 10
Hz upper cutoff frequency will be increased in future tests to at least 20
Hz).

In the initial experiment, the power spectrum of recorded baseline data
was compared the power spectrum of recorded sky-noise data. The purpose of
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£ this experiment was to verify the existence of clutter-related noise ir the :?;
e baseline data. It was suspected that because of range-sidelobes associated R §

. with the current LFD, clutter from a large stand of trees approximately 30-40 144

il meters beyond the target location would be evident. Comparison of the ety

baseline power spectrum to the clutter-free, sky-noise spectrum verified that :?3

SS clutter was contaminating the baseline data as shewn in Figure 23. Eg%

The results in Figure 23 show that even with range-gating, clutter from v

’H the distant trees 1s degrading the SNR by 10-20 db fn the frequency band of e

i interest. This loss 1n SNR severely decreases the possible detection range $§

o and again points out the need for enhancing the current range-gating E%
g capability of the LFD. The clutter is seen to have a large low-frequency 53
component. This component was possibly due to the relatively slow, swaying '}R '

gg motion of large tree branches and whole trees. At frequencies between 1-10 P%‘
Hz, the baseline spectrum {is approximately white (1.e., flat), although j;

Ea clutter is still present since the baseline spectrum {s above the sky-noise ﬂu
spectrum. These higher frequency effects are probably due to the more rapid ??_

?3 motion of tree leaves. The fact that noise due to clutter {s approximately S

white in the 1-10 Hz band represents useful information since a large part of
the cardiac information detected by the LFD also appears to be concentrated in
this band. The results in Figure 23 represent 2 small fraction of the studies
that need to be performed on clutter-related rofse. Additional data is needed
for a variety of clutter sources under a varfety of conditions.

-
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T
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In the next experiment, the power spectrum of recorded baseline data was f';
!l compared to the power spectrum of recorded test data. This comparison was TNW
~ made to identify characteristics of the tast data that could provide a basis \ 3
Qg for target detection based on power spectrum analysis. A test case with a ;E;
W o

high SNR (i.e., respiratory and cardiac information observable in the time-

% waveforms) was selected to insure that respiratory and cardiac components ;;F
s were present in the computed spectrum. Identica) resolution bandwidths and Eﬁ
. averaging were used for both the baseline and test data. Results of this QN
&; experiment are shown in Figure 24, The following observations can be made o |
about these results. =
ﬁq In general, the spectrum of the test data is well above the baseline | ;g} !
" spectrum. This was expected since the SNR was known to be high. Therefore, i;;
%é one detection possibility would be to compare the total energy in the test =

data spectrum to a suitable threshold level. This would be equivalent to the
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Figure 23. cOmparisbn of the power spectrum estimafes of recorded
baseline data containing clutter-related effects and
recorded sky-noise which is essentially clutter-free.
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simple energy detector approach described earlier in this report.

It also may be noted that there are several periodic components present
in the test data. Components below one Hz are mainly due to respiratory
motion while the higher frequency components can be attributed to cardiac
motion. The detected respiratory motion does not have significant harmonic
structure. This coincides with the sinusoid-1ike motion normally associated
with respiratory activity. The cardiac {iiformation has a pronounced harmonic
structure which is indicative of the more impulse-1ike motion associated with
cardiac activity. Even with its more pronounced harmonic structure, the
cardiac information in Figure 24 1s significantly weaker than the respiratory
information. The strongest cardiac component is approximately 20 dB (or a
factor of 100) Tower than the main respfratory component. Its lower strength
and wider frequency distribution explains why it is difficult to observe
cardiac information in the time-waveforms outputted by the LFD,

Because of the relative weaknecs of the cardiac information, it was
Judged that power spectrum analysis should be optimized for detecting cardiac
information. This might result in some loss in the ability to detect
respiratory motion (because of the use of a non-ideal BW), but any loss should
be offset by the greater strength of the respiratory information. To
determine an appropriate BW to use for detecting cardiac information, power
spectrum analysis was performed on standard EKG recordings from five
different test subject. The 3-dB bandwidths of the fundamental lobe in the
power spectrum of the different EKG's was found to range from approximately
0.02-0.11 Hz (these results are shown in Figure 25). Variations of the
higher-order harmonics can be obtained by multiplying by the appropriate
harmonic number. Because of the wide range in the observed information
bandwidths, some compromise was necessary in selecting an appropriate BNW.
Experimentation with different resolutions indicated the ideal BW can be
increased or decreased by several factors without severely degrading
performance. Therefore, a compromise BW of 0,150 Hz was selected. This RW
has a corresponding observation period of 10 seconds (the BW and observation
period are not exactly inversely related because of windowing employed by the
spectrum analyzer). This BW appears to be adequate. However, the suitability
of even Tower BW's resolutfons will be investigated to determine {f the
required observation times can be reduced. Reduced observation times would be
especially important in situations where a large number of averages must be
used to achieve reliable detection performance.
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Figure 25cd. Results of powor spectrum analysis of EKG data from
different test subjects showing approximate information
bandwidth (as defined by 3-dB points) in fundamental
cardiac component: (c) subject RY, (d) subject DC.
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Once an appropriate BW had been selected, the spectrum analyzer was used
to analyze test data recorded from the LFD for five different subjects. The
target range was 30 meters. Three to four minutes prior to recording each set
of test data, baseifne data was recorded to establish & suitable noise

reference. For each subject, the. SNR was sufficient that respiratory
information, but not weaker cardiac information, could be clearly observed in
the time-waveforms. ldentical BW's of 0.15 Hz and the same number of averages
were used for analysis of the test data and baseline data. The observation
period for each case was 40 seconds.

Results of the power spectrum analysis are shown in the five graphs in
Figure 26. Comparison of the baseline spectrum to the test data spectrum show
the existence of periodic components corresponding to respiratory and cardiac
motions for all five test subject. As noted previously, detection could have
been based on energy detection or on techniques that compared individual
components in the test-data spectrum to suitable threshold levels. If the
baseline spectrum in each of the five graphs is imagined to represent the
detection threshold, reliable detection of casuaity information would be
possible for all five subjects.

The frequency of the respiratory component observed 1n each of the graphs
was found to correspond to the respiratory rates observed in the corresponding
time-waveforms.  Verification of the periodic components attributed to
cardiac motion could not be done from the time-waveforms since cardiac motion
was too weak to be observed. To insure that the periodic components seen in
the spectrum of each set of test data was fndeed due to cardiac motion, the
power spectrum of one of the sets of test data was compared to the spectrum of
the simultaneous EKG record. The test data spectrum and the EKG spectrum were
not expected to have the same overall shape (since one is due to mechanfcal
events while the other 1s due to electrical events). However, the information
in the two spectra was expected to appear at fdentical frequencies. The
results shown in Figure 27 verify that periodic components observed from 1-10
Hz in the previous test data spectra were, in fact, related to cardiac events
and not simply some type of periodic clutter.

A portion of the results in Figure 27 can be used to demonstrate another
possible advantage of power spectrum analysis. The Tower two graphs in this
figure represent results of power spectrum analysis performed on the
individual quadrature channels of the LFD. The differences apparent in these
two graphs is a result of the range-deadspot problem discussed previously.
Good detection will require testing both channels. Experimentation indicates
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Figure 26cd. Comparison of power spectrum estimates of recorded test
data to baseline data for different test subjects: subject
RV, (d) subject DC. Target range was 30 meters and observation
period was 40 seconds.
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this is not an obstacle to using power spectrum analysis since results
obtained for the individual channels may be averaged to produce a single
spectrum that contains all the target information. When the two channels in
this example case are combined, the result presented in Figure 26a was
obtained. Comparison of this figure with the lower two graphs in Figure 27
indicates power spectrum analysis provides a convenient method for combining
the information contained in the quadrature channels of the LFD.

The final example in this discussion involves power spectrum analysis of
test data taken from a longer target range. Re-examination of the data in
Figure 26 indicates the SNR was relatively high in each of the previous five
test cases. Therefore, it 1s probable the target information could have been
reljably detected from the time-waveforms without a significant amount of
signal processing. To observe the impact of signal processing when the SNR
was poorer, test data was recorded from a longer target range of 45 meters.
Because of 2 weaker return signal and a higher clutter level, the ability to
detect the presence of respiratory or cardiac information in the time-
waveform was marginal. This is evident from the data in Figure 28a which
represent the time-waveforms that were outputted by the quadrature channels
of the LFD for this case.

Power spectrum analysis was subsequently performed on the test data and
corresponding baseline data for this case. To minimize the effects of noise
in these estimates, a BW of 0.0375 Hz was used. In addition, six averages
were employed which resulted in a total observation period of 120 seconds.
When the test data spectrum was compared to the spectrum of the corresponding
baseline data, the presence of both respiratory and cardiac information was
evident. This result is shown in Figure 28b,

It may be noted that only a small fraciton of the test-data spectrum in
Figure 28b is significantly stronger than the baseline spectrum, unlike the
results obtained in Figure 26 when the SNR was appreciably higher. Therefore,
a detection approach such as the simple energy detector might not provide very
reliable detection in this situation. Conversely, it appears that using a
technique such as power spectrum analysis, which provides the resolution
necessary to observe the presence of narrow-band components, would make it
possible to relfably detect the presence of weak, but periodic casualty infor-
mation. Of course, this ability is dependent on the casualty information
remaining constant over an observation period sufficient to permit the
required BW and an effective amount of averaging to be used.
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5. Sequential Detector Based on Power Spectrum Estimates

The preceding two parts of this report have shown that target detection
can be achfeved using power spectrum analysis. If the requied power spectrum
estimates were computed with a microprocessor-based system, each point in the
computed spectrum could be stored as an 9{ndividual value 1in the
microprocessor's memory. Detection could be achieved by comparing each of the
stored values to a suitable threshold level. It has been seen that the best
detection can be achieved by using narrow BW's and averaging multiple sets of
data. Each of these operations requires that the observation period be
increased,

The longer observation perfods required to achfeve high detection
performance is acceptable provided a weak signal is being detected or the
noise is excessively high. However, there will be times when high detector
performance 1s not really needed to relfably make the correct detection
decisfon. At these times, the use of narrow BW's and averaging would result
in excessively long observation periods. One such instance would be when
target information s present and {s very strong in comparison to the noise.
In this situation, optimum detection should not be required to reljably
determine that target information 1s present. Another example would be a
situation in which there is not any target {nformation present and the nofse
is very Tow. In this situation, optimum detection should not be required to
determine that target Information is not present, since 1f it were present, it
could easily be detected because of the low noise. In each of these example
situations, the use of long observation periods would be a waste of valuable
time.

It appears that a choice might be necessary between using long
observation periods that enable high detection performance but will sometimes
result in wasted observation time, or using short observation periods that
result in rapid detection decisions but may not provide very reliable
detection performance when the SNR 1s Tow or the clutter {s high. However, an
alternative approach exists. This alternate approach 1s the Sequential
Observer (or sequential detector)[ 1].

A sequential detector would normally operate in a mode in which a
moderate observation period would be used and decisions would be quickly made.
Three decisfons would be possible: (1) “yes", (2) "no", or (3) "maybe". The
sequential detector would use two different threshold levels. The upper
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threshold would be set high enough that it could be exceeded by strong target
signals, but not by noise or weak target signals., If this threshold is ever
exceeded, the sequential detector can quickly decide that a target is present.
The lower threshold level would be set so that it would be exceeded by even
the weakest target